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Satellite 2CCCTC-binding factor (CTCF) has been implicated in numerous aspects of chromosome biology, and
vigilin, a multi-KH-domain protein, participates in heterochromatin formation and chromosome
segregation. We previously showed that CTCF interacts with vigilin. Here, we show that human vig-
ilin, but not CTCF, colocalizes with HP1a on heterochromatic satellite 2 and b-satellite repeats. CTCF
up-regulates the transcription of satellite 2, while vigilin down-regulates it. Vigilin depletion or
CTCF overexpression reduces the binding of HP1a on the satellite 2 locus. Furthermore, overexpres-
sion of CTCF resists the loading of vigilin onto the satellite 2 locus. Thus CTCF may regulate vigilin
behavior and thus indirectly inﬂuence the binding of HP1a to the satellite 2 locus.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Heterochromatin, deﬁned as the more condensed fraction of
chromatin, plays a variety of functions in mammalian cells,
including maintenance of genomic stability, and regulation of gene
expression during development and cellular differentiation [1,2].
Large heterochromatic blocks are found near centromeres and
telomeres [3]. Recent studies have shown that many histone-
modifying enzymes and histone-binding factors participate in
heterochromatin assembly [1,3]. In mammalian cells, SUV39H1, a
histone methyltransferase, is able to methylate H3K9 to form tar-
gets within repetitive sequence elements for inducing heterochro-
matin protein 1 (HP1) binding; meanwhile, HP1 recruits histone
methyltransferase (HMT) and DNA-binding proteins. DNA-binding
proteins, in turn, attract more HMT to speciﬁc genome locations, in
such way that they form a biochemical cycle leading to the spread
of heterochromatin [1,4,5]. HP1a is a chromodomain-containing
protein, which participates in pericentric heterochromatin forma-
tion not only through its methyl-nucleotide binding ability, but
also via an RNA-binding function [1,6]. It has been reported that
numerous siRNAs, targeting repetitive elements and transposons,are also associated with heterochromatin assembly acting through
RNA interference (RNAi) [6].
Vigilin is a highly evolutionarily conserved protein; homolo-
gous proteins are described as Scp160, DDP1 and vigilin in the
yeast Saccharomyces cerevisiae, Drosophila melanogaster, and verte-
brates, respectively [7–9]. All vigilins contain 14 tandem hnRNPK-
homology (KH) domains that could be involved in protein–protein
interactions and high-afﬁnity binding to single-stranded nucleic
acids, thereby performing a wide range of cellular functions [7–
14]. Scp160 is demonstrated to inﬂuence the maintenance of exact
ploidy in yeast, while depletion of Scp160 causes abnormal cell
size and shape [8,10,11]. DDP1 pays a function in chromosome seg-
regation. It has also been found to silence centromeres through its
association with chromocenter heterochromatin and deposition of
HP1 at the chromocenter. This model is known to depend on
SUV39H1, which recruits HP1 to the chromocenter [9,13,15]. Vigi-
lin is a ubiquitous RNA binding protein localizing in the cytoplasm
and the nucleus of mammalian cells [7,16]. The cytoplasmic vigilin,
associated with ER and polyribosomes, plays an important role in
mRNA metabolism and translation [7,17], while the nuclear vigilin
combines with many proteins, such as ADAR1, Ku70/86, RHA and
HP1a, to form a complex that is likely to be involved in heterochro-
matin formation through an RNA-mediated pathway [7,16].
CCCTC-binding factor (CTCF), a highly conserved zinc ﬁngers
protein in higher eukaryotes, is implicated in numerous genomic
regulatory functions, including insulation, imprinting,
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sion, functions mediated by its ability to bind at enhancers, gene
promoters, or chromatin domain boundaries [18–21]. Insulators
are speciﬁc sequences for binding proteins and have a role in acti-
vating or silencing genes. One type of insulator, called enhancer
blocking insulators, is placed between an enhancer and promoter
to block its interaction and prevent distal enhancers from activat-
ing a promoter. Another is deﬁned as a barrier insulator, which
blocks the spreading of heterochromatin to euchromatin
[4,22,23]. CTCF, also as a classic transcription factor, was earlier
found to act as a transcriptional repressor on account of synergistic
repression with the thyroid hormone receptor, but was subse-
quently demonstrated to be a transcriptional activator within the
APP gene promoter [19,24]. Interestingly, CTCF has recently been
reported to be involved in the formation and maintenance of
heterochromatin. The telomere repeat-containing RNAs (TERRA)
promoter was previously shown to be bound by CTCF, and deple-
tion of CTCF by shRNA led to a reduction in TERRA transcription
[25]. However, the contribution of CTCF to pericentric heterochro-
matin is not yet understood in detail.
Since vigilin participates in the formation of pericentric hetero-
chromatin, and a protein–protein interaction between vigilin and
CTCF was found in our previous study, we surmised that CTCF
might be, along with vigilin, involved in formation and mainte-
nance of pericentric heterochromatin. In the present study we
selectively evaluated the transcripts of pericentric satellite repeats,
satellite 2, as a marker for the alteration of pericentric heterochro-
matin structure. We found that CTCF-mediated reduction of vigilin
binding on satellite 2 blocks HP1a loading on the satellite 2 locus.
2. Materials and methods
2.1. Cell culture
HEK293T cells were cultured in DMEM medium (GIBCO) con-
taining 10% fetal bovine serum. HepG2, SMMC7721, ZR-75-30,
MCF-7, Hela, CNE1 and MDA-MB-231 cells were cultured in DMEM
containing 10% newborn calf serum. Cells were maintained at 37 C
in a 5% CO2 incubator.
2.2. Chromatin immunoprecipitation (ChIP) and antibodies
About 5  106 cells were incubated in growth medium contain-
ing 1% formaldehyde for 10 min at 37 C, after which the reaction
was terminated by adding glycine to 0.125 M. Cells were lysed
and sonicated in RIPA buffer to achieve a chromatin size of 200–
700 bp. To reduce the non-speciﬁc background, the samples were
incubated with 100 ll protein A/G agarose beads for 2 h at 4 C
with inversion. The pre-cleared chromatin (0.1 ml) was incubated
in the presence of 2 lg antibody and was rotated at 4 C for 12–
14 h. Protein A/G agarose beads were added to the mixture and
incubated another 3 h. As described previously [26], the beads
were washed with low salt wash buffer, high salt wash buffer, LiCl
wash buffer and TE buffer. Finally, the chromatin was eluted and
incubated at 65 C for 12–14 h, RNA was removed by treatment
with RnaseI, and proteins were eliminated by proteinase K diges-
tion. DNA was then puriﬁed for qPCR reaction.
The antibodies usedwere as follow: CTCF (Abcam), vigilin (MBL),
HP1a (MBL), mouse-IgG (CST), rabbit-IgG (puriﬁed by our lab).
2.3. RNA extraction and RT-qPCR or RT-PCR
Total RNA was extracted with Trizol reagent (Invitrogen) and
precipitated by ethanol. To exclude potential contamination of
DNA, RNA was treated with RNase-free DNase I (Fementas) for30 min at 37 C. cDNA was synthesized by using random primer
and reverse transcriptase (TAKARA). The relative expression of the
vigilin and CTCF was measured by RT-PCR, the relative expression
of satellite 2 wasmeasured by real-time RT-qPCRwith SYBR premix
2xTaq (TAKARA). Transcript levels were normalized to GAPDH
levels. The required primers were designed as follows: for vigilin,
forward: 50-CCCCAAATACCATCCCAAGA-30, and reverse: 50-TGCTCA
AGTTCACCCACAAT-30; for CTCF, forward: 50-TTACACGTGTCCA
CGGCGTTC-30, and reverse: 50-GCTTGTATGTGTCCCTGCTGGCA-30;
for GAPDH [27], forward: 50-GAGTCAACGGATTTGGTCGT-30, and re-
verse: 50-TTGATTTTGGAGGGATCTCG-30; for b-satellite [7], forward:
50-AGGGGCTTTATCCTCATTTCACAA-30, and reverse: 50-GGCCTCCAT
ATTCCCTAACTTCC-30; for satellite 2 [28], forward: 50-CATCGAATGG
AAATGAAAGGAGTC-30, and reverse: 50-ACCATTGGATGATTGCAGTC
AA-30.
2.4. Western blot
The cells were resuspended with RIPA buffer. As described pre-
viously [26], total soluble proteins were obtained by centrifugation
at 12000 rpm for 10 min. After centrifugation, extracted proteins
were separated by SDS–PAGE and transferred to PVDF membranes
(Millipore). Membranes were blocked for 2 h using 5%milk powder
in TBS-T. Immunoblotting was performed with the indicated
antibodies.
2.5. Statistics
Data are generated as means ± S.E.M. Comparisons were per-
formed using student’s t-test for two groups. P < 0.05 is considered
statistically signiﬁcant.
3. Results
3.1. Vigilin, but not CTCF, colocalizes with HP1a on pericentric
heterochromatin
It has been reported that vigilin binds to heterochromatic a-sa-
tellite and b-satellite [16]. To detect whether vigilin, CTCF and
HP1a colocalize on pericentric heterochromatin, chromatin immu-
noprecipitation (ChIP) assays were performed in HEK293T and
HepG2 cells, followed by quantitive polymerase chain reaction
(qPCR) using primers that amplify the heterochromatic satellite 2
and b-satellite repeats. As shown in Fig. 1, we found that HP1a
was associated with both satellite 2 and b-satellite sequences. Sim-
ilarly, vigilin was enriched at satellite 2 and, consistent with previ-
ous reports, at the b-satellite. However, we did not observe
signiﬁcant binding of CTCF at either satellite 2 or b-satellite repeats
(Fig. 1A and B). As a negative control, the region of the GAPDH gene
was not associated with these proteins (Fig. 1C). These data indi-
cate that the pericentric heterochromatin has afﬁnity for vigilin
and HP1a, but not CTCF.
3.2. Vigilin negatively regulates satellite 2 transcription
Vigilin is suggested to make a contribution to heterochromatin
formation and maintenance [7,16]. To investigate whether vigilin
regulates satellite 2 transcription in wild-type cells, reverse tran-
scription quantitive PCR (RT-qPCR) assay and Western blotting
were used to assess the relationship between satellite 2 transcrip-
tion and vigilin expression level. We initially quantiﬁed the expres-
sion of the satellite 2 and the protein level of vigilin in several cell
lines including SMMC7721, MDA-MB-231, HEK293T, HepG2, Hela,
MCF7, ZR-75-30, and CNE1. As shown in Fig. 2A, satellite 2 expres-
sion was strikingly high in ZR-75-30 cells, and while lower in
Fig. 1. Distribution of HP1a, vigilin and CTCF on pericentric heterochromatin. ChIP analysis was done with antibodies against HP1a, vigilin or CTCF in HEK293T and HepG2
cells. The immunoprecipitated DNA was analyzed by qPCR using primers for b-satellite (A), satellite 2 (B) or GAPDH (C), mouse-IgG and rabbit-IgG were used as control. Data
are shown as means ± S.E.M.; n = 3. ⁄⁄⁄means P < 0.001; ⁄⁄ means P < 0.01; ⁄means P < 0.05.
W.-Y. Shen et al. / FEBS Letters 588 (2014) 1549–1555 1551MDA-MB-231 and HepG2 cells was still high compared to that in
HEK293T cells (Fig. 2A). However, vigilin was generally expressed
at high levels throughout all the cancer cell lines, and at the highest
level in SMMC7721 cells among these cell lines (Fig. 2B and C).
There is thus no obvious relationship between satellite 2 tran-
scripts and vigilin protein levels in these various mammalian cells.
In different cell types the transcriptional machinery is likely to be
different. Therefore, vigilin might regulate satellite 2 transcription
in a context-dependent manner.
Since HepG2 cells express higher levels of vigilin than seen in
HEK293T cells (Fig. 2C), we evaluated the effect of vigilin-
knockdown on satellite 2 transcripts in this cell line. After transfec-
tion with vigilin-shRNA for 48 h, the levels of vigilin protein andFig. 2. The relationship between the transcription of satellite 2 and the expression lev
indicated cells was evaluated by RT-qPCR and compared to that in HEK293T cells. (B) We
was used as a loading control. (C, D) Quantiﬁcation of CTCF and vigilin protein expressio
means ± S.E.M.; n = 3.transcript were decreased by more than 50% compared to those in
the control cells, respectively (Fig. 3A and B). At the same time,
satellite 2 RNA was increased by about 3-fold in vigilin-supressed
HepG2 cells compared to cells transfected with control shRNA
(Fig. 3C).
To examine whether the phenomenon that vigilin depletion
upregulated the transcription of satellite 2 is an accident, we ana-
lyzed vigilin overexpression in HEK293T cells. As shown in Fig. 3D
and E, vigilin protein level was increased by 2 fold in HEK293T cells
transfected with the pDS-Red-Vigilin construct compared to con-
trol. A signiﬁcant decrease in satellite 2 transcript was observed
in HEK293T cells transfected with pDS-Red-Vigilin plasmid com-
pared to the level in cells transfected with empty vector (Fig. 3F).el of vigilin or CTCF in various cell lines. (A) Relative satellite 2 expression in the
stern blot analysis of CTCF and vigilin expression in the indicated cell lines. b-actin
n, respectively. Protein expression in HEK293T cells was set at 1. Data are shown as
Fig. 3. The effects of altered vigilin expression on satellite 2 transcription. (A) Western blot analysis of vigilin in vigilin-depleted HepG2 cells. (B) The quantitative analysis of
vigilin alteration in A. (C) RT-qPCR analysis of satellite 2 transcript in vigilin-depleted HepG2 cells. (D) Western blot analysis of vigilin level in HEK293T cells transfected with
pDS-Red-vigilin or empty vector. (E) The fold change in expression of vigilin was quantiﬁed. (F) RT-qPCR analysis of satellite 2 in vigilin-overexpressing HEK293T cells. Data
are shown as means ± S.E.M.; n = 3. ⁄⁄means P < 0.01; ⁄means P < 0.05.
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scription of satellite 2.
3.3. CTCF acts as a transcriptional activator of satellite 2
As mentioned earlier, CTCF can activate or repress the transcrip-
tion of some genes [20]. Our previous study also found a protein-
protein interaction between vigilin and CTCF. We suspected that
CTCF might affect satellite 2 transcription. To verify this conjecture,
western blot analysis for CTCF and RT-qPCR for satellite 2 were
performed in various cell types. As shown in Fig. 2B and D, the
CTCF expression level was highest in MCF-7 cells, and lowest in
HepG2. There was no visible correlation between CTCF level and
satellite 2 transcript in the different cell lines. CTCF-mediated sa-
tellite 2 transcription is likely to be different in various cell types.
However, we found that the expression level of CTCF in HepG2
cells was lower than that in HEK293T cells (Fig. 2B and D). In order
to further understand the potential function of CTCF in satellite 2
regulation, pEGFP-CTCF and CTCF shRNA were used for over-
expressing CTCF in HepG2 cells, and downregulating CTCF expres-
sion in HEK293T cells, respectively. Control Western blots (Fig. 4D
and E) and RT-PCR (data not shown) analysis showed that CTCF
was increased about 2.2 fold in CTCF overexpressing cells com-
pared to control HepG2 cells (Fig. 4A and B), and CTCF was sup-
pressed more than 60% by CTCF shRNA compared with control
shRNA in HEK293T cells (Fig. 4D and E). Overexpression of CTCF in-
creased the transcription of satellite 2 in HepG2 cells (Fig. 4C).
Silencing of CTCF in HEK293T cells resulted in a signiﬁcant de-
crease in the expression of satellite 2 compared with control
(Fig. 4F). These results suggest that CTCF positively regulates satel-
lite 2 gene transcription.3.4. Overexpression of CTCF or depletion of vigilin reduces the
association of HP1a on satellite2
As a marker of heterochromatin, HP1a participates in the for-
mation of heterochromatin [6]. When the structure of heterochro-
matin becomes relaxed, the binding of HP1 on heterochromatin
will be signiﬁcantly decreased [2,29]. The roles of vigilin and CTCF
acting on satellite 2 transcription (Figs. 3 and 4) implied that the
changes in expression of vigilin or CTCF may inﬂuence the
recruitment of HP1a on pericentric heterochromatin. To further
investigate whether alteration of vigilin or CTCF would affect the
occupancy of HP1a within satellite 2, ChIP-qPCR analysis of satel-
lite 2 was performed using anti-HP1a antibodies in vigilin-de-
pleted or CTCF-overexpressing HepG2 cells, respectively. As
expected, the recruitment of HP1a to the satellite 2 sites was sig-
niﬁcantly reduced by vigilin knockdown in HepG2 cells (Fig. 5A).
Interestingly, ectopic expression of CTCF weakened the occupancy
of HP1a at satellite 2 locus (Fig. 5C). As shown in Fig. 5B and D, the
association of HP1a with the GAPDH locus as negative control was
not affected by vigilin depletion or CTCF overexpression in HepG2
cells. These results support the idea that overexpression of CTCF or
knockdown of vigilin can induce the decreased recruitment of
HP1a on pericentric heterochromatin.
3.5. Overexpression of CTCF resists the loading of vigilin on satellite 2
We have shown that vigilin, but not CTCF, colocalized with
HP1a on satellite 2 locus. Changes in expression of vigilin or CTCF
could regulate either satellite 2 transcription or HP1a association
on satellite 2. Furthermore, in our previous study vigilin showed
an interaction with CTCF in mammalian cells. We wondered if
Fig. 4. The effects of altered CTCF expression on satellite 2 transcription. (A) Western blot analysis of CTCF level in HepG2 cells transfected with pEGFP-CTCF or empty vector.
(B) The fold change expression of CTCF was quantiﬁed. (C) RT-qPCR analysis of satellite 2 in CTCF-overexpressing HepG2 cells. (D) Western blot analysis of CTCF level in
HEK293T cells transfected with either CTCF shRNA or control shRNA. (E) The quantitative analysis of CTCF alteration in D. (F) RT-qPCR analysis of satellite 2 in CTCF-depleted
HEK293T cells. Data are presented as means ± S.E.M.; n = 3. ⁄⁄means P < 0.01.
Fig. 5. CTCF overexpression or vigilin depletion reduces HP1a binding on satellite 2. ChIP-qPCR analysis of isolated DNA associated with HP1a at the satellite 2 locus (A) or
GAPDH locus (B) in vigilin-depleted HepG2 cells. ChIP-qPCR analysis of immunoprecipitated DNA with HP1a antibody at the satellite 2 locus (C) or GAPDH locus (D) in CTCF-
overexpressed HepG2 cells. Data are shown as means ± S.E.M.; n = 3. ⁄⁄⁄means P < 0.001; ⁄means P < 0.05.
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Fig. 6. CTCF overexpression lessens vigilin loading on satellite 2 locus. ChIP-qPCR analysis of DNA associated with vigilin at the satellite 2 locus (A) or as negative control at
the GAPDH locus (B) in CTCF-overexpressing or control pEGFP-transfected HepG2 cells. Rabbit-IgG was used as a control. Data are shown as means ± S.E.M.; n = 3. ⁄means
P < 0.05.
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was due to decreased loading of vigilin on satellite 2. A ChIP-qPCR
assay using anti-vigilin antibody in CTCF-overexpressing HepG2
cells was performed to investigate whether CTCF affects the asso-
ciation of vigilin with the satellite 2 locus. Vigilin recruitment to
the satellite 2 locus was impaired when CTCF was overexpressed
in HepG2 cells, and as before there was no recruitment to the con-
trol GAPDH locus (Fig. 6). CTCF overexpression in HepG2 cells only
increased slightly the vigilin levels both at the level of transcript
and protein (Fig. S1). These data suggest that CTCF disturbs the
recruitment of vigilin to satellite 2.
4. Discussion
Common features of heterochromatin include deacetylated core
histones, DNA methylation, and the recruitment of repressive
binding effectors and other methyl-binding proteins [6]. More re-
cent studies have shown that RNA interference (RNAi)-mediated
silencing pathways play a crucial role in heterochromatin assembly
[1,6]. Since heterochromatin has been found to play a role in various
processes such as gene silencing, genomic stability, centromere for-
mation, and nuclear organization [1], cells must maintain a delicate
coordination among these features to keep the genome stable.
Vigilin has been previously implicated in heterochromatin
formation and chromosome segregation [7]. Also, in mammalian
cells vigilin is associated with heterochromatic satellite repeats, a-
satellite and b-satellite [16]. Herein, vigilin colocalized with HP1a
on b-satellite and satellite 2 locus. Vigilin depletion led to an increase
of satellite 2 transcription, whereas ectopic expression of vigilin had
an opposite effect. Thus the importance of vigilin in the regulation of
satellite 2 transcription has been conﬁrmed in our study.
DDP1 has been reported to colocalize with HP1 at pericentric
heterochromatin and contribute to HP1 deposition at the chromo-
center [9,13]. Vigilin is also found associated with HP1a in vivo
[7]. Vigilin, HP1a and SUV39H1 dynamically colocalize at pericen-
tric heterochromatin to preserve its function [5,7]. In the process
of protein deposition, SUV39H1 methylates H3 Lys9, then HP1a
speciﬁcally binds to the methylated form of H3 Lys9, which is also
determined by small RNA [1,30,31]. These lines of evidence led us
to propose that vigilin may affect HP1a recruitment to the methyl-
ated form of H3 Lys9. As expected, shRNA targeting vigilin reduced
the association of HP1a on pericentric heterochromatin (Fig. 5A).
The reduction of HP1a on pericentric heterochromatin may also
be caused by the relaxation of pericentric heterochromatin. Relax-
ation of heterochromatin structure signiﬁcantly decreases the
binding of HP1 on the heterochromatin, which in turn affects
heterochromatin structure in an RNA-dependent fashion [2,6,29].
The cause and effect between reduction of HP1a on heterochroma-tin and no-coding RNA transcription may be intertwined. Although
the function of HP1a on satellite 2 transcription was not explored,
we still saw that the increase in satellite 2 transcript occurred
along with HP1a loading loss on satellite 2. In any event, these re-
sults demonstrate an essential role for vigilin in the recruitment of
HP1a to pericentric heterochromatin.
CTCF is a ‘‘master weaver’’ in the genome, and implicated in di-
verse genomic regulatory functions [20,32]. Recently, a role for
CTCF was established in controlling telomeric heterochromatin
transcription by interaction of CTCF with cohesin [25]. In our study,
CTCF was involved in modulating not only satellite 2 transcription,
but also HP1a loading on satellite 2 gene. This result was some-
what surprising since CTCF showed no association with the satel-
lite 2 locus and no physical interaction with HP1a. It is possible
that CTCF mediates additional indirect effects of other factors,
whose depletion or overexpression may regulate satellite 2 tran-
scription and contribute to the loss of HP1a binding at satellite
2. Furthermore, a protein–protein interaction between CTCF and
vigilin was observed in our previous study, and we wondered
whether CTCF facilitates pericentric heterochromatin relaxation
through the regulation of vigilin binding on pericentric heterochro-
matin. Our data suggested that CTCF overexpression could sup-
press the loading of vigilin on satellite 2. CTCF may act as a
barrier insulator on the topological boundary to block the interac-
tion between vigilin and HP1a. Another plausible explanation is
that CTCF may facilitate pericentric heterochromatin relaxation
and then regulate vigilin association on satellite 2 indirectly. Fur-
ther study is needed to explore the ways in which CTCF is associ-
ated with pericentric heterochromatin.Acknowledgments
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